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A.  Abstract, 

VvEx per/ mental  determination  of  the  impedance  characteristics  oi'  a 
cut-off'  '  ideal**  parallel  plane  diode  and  an  analysis  of  the  rosults  obtained 
have  demonstrated  the  importance  of  the  characteristics  of  the  oxide  coated 
cathode  on  tube  behavior  at  high  frequencies e  Based  upon  the  fundamental 
field  equation  and  guided  by  the  experimental  results,  the  impedance  of  the 
oxide  coating  has  boon  derived.  The  analysis  shov/s  that  the  impedance 
prouertios  of  tne  coating  are  governed  by  the  effective  conductivity,  the  t/ 

effective  dielectric  constant,  and  the  effective  Maxwell  time  of  relaxation 
of  tho  coating.  These  are  properties  influenced  by  the  chemical  compos  it  ion 
of  the  coating  and  its  physical  characteristics  as  well  as/^toT'.porafure  and  '^Uj 
frequency  of  operation.  Suggestions  as  to  furthor  experimentation  are  given 
as  well  as  come  discussion  on  the  influence  of  tho  impedance  of  the  oxide 
coating  on  the  impedance  properties  of  tubes.. 


B.  Impedance  Equations 

lo  Oxide  Coating  Impedance 

As  a  starting  point  in  describing  the  behavior  of  the  oxide  coating 
wo  assume  that  for  plane  waves  harmonic  in  time,  tho  fundamental  equation 
may  be  npoliedj 

I  -  (  <Te  «•  3  UJ  £  e)E, 

who  re 

7 

I  is  tho  total  current  density  in  amperes  per  unit  area  (centimeter^. 

E  is  the  electric  field  intensity  in  volts  per  centimeter. 

o  is  tho  effective  conductivity  in  mho  per  centimeter. 

£,e  i3  the  effoctive  dielectric  constant  in  farad  per  centimeter 

CO  is  the  angular  velocity  in  radians  por  second. 

Let  t  be  the  thickness  of  tne  oxide  coating,  then  if  V  is  the  a-c  voltage 
appearing  across  tho  coating, 

E  -  -  (2) 

t 

Therefore  „ 

I  -  (  <Te  ♦  j  ^  £•)  -  (3) 

t 

Thus  the  o/.id*j  coating  impedance  becomes! 
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20  Cut-QCf  Diode  Impodanca 

Assume  an  ideal  parallel  plane  diode  having  an  oxide  coated 
oathode  operating  with  a  highly  negative  voltage  between  the  anode  and  the 
cathode.  Neglecting  the  influence  of  the  electrons  in  the  virtual  cathode 
and  the  impodanoe  of  any  blocking  layers  in  the  oxide  cathode  we  can  write 
for  tho  impedance  of  the  cut-off  diodes 

)t!  (6) 


where  C  is  the  capacitance  between  the  anode  and  the  surface  of  the  coating. 
Equation  (6)  shows  thatthe  impedance  contains,  in  addition  to  a  capacitive 
component,  a  real  component  of  imporiance0 

Two  extrome  cases  are  of  interest!  In  the  first  case  the  poriod 
of  the  tost  frequency  is  much  greater  than  the  effective  Maxwell  "time  of 
relaxation" 

(T  -  ~)  Thus  «1  (7) 

ue  5e 

In  this  case  tho  conduction  current  gr«atly  predominates  over  the  displacement 
curront  and  Eq.  (G)  simplifies  to! 

2  ,  c~ 

zd  -  i  +  —  .y...  t  .  (8) 

<s*e  wc  _  6*e 

In  the  other  extreme  case  the  period  of  the  test  frequency  is  much  less  than 
the  relaxation  time  and 

>>1.  (9) 

G"e 

For  this  case  the  displacement  ourrent  predominates  over  the  conduction 
current  and  Eq.  (6)  can  be  written  as? 

i  c  ~ 

—  1  ♦  —  t  .  (10) 

■1C  f 

0  e 


2d  ‘  —  ♦  *c  " 


1  (- 


£  C 
c  o 


w  e6  ♦  s, 


CO  6. 


Both  Eqs,  (0)  and  (10)  are  subject  to  the  assumptions  made  regarding  Eq.  (6), 
For  a  diode  having  finite  series  load  inductances,  an  inductive  reactive 
component  must  be  added  to  Eqs.  (6),  (8),  and  (10). 
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C.  Cut-Off  Diode  Innodanco  Measurements 

Sone  preliminary  measurements  were  made  by  tho  authors  on  the  typo 
559  Lighthouse  diode  wr.ich  illustrate,  in  a  genera,  '"'ay,  the  validity  of  the 
equations  given  in  tho  preceding  section.  Ab  can  be  3oon  from  the  sketch 
of  the  diode,  shown  in  Fig.  Mill-10790,  the  tube  is  to  a  lair  degree  of 
accuracy  an  ideal  parallel  plane  diode  having  very  3inall  lead  inductances o 
The  test  data  were  taken  at  a  frequency  of  200  mc/eec.  using  the  test 
circuit  given  in  Fig.  Mill-10799. 

Due  to  an  uncertainty  of  the  oxact  value  of  C  in  Eqo  6  and  the 
small  influence  of  tho  lead  inductances  only  the  real  component  of  tho 
measured  cut-off  diodo  impedance  is  studiod.  A  typical  calculation  of  tnis 
component,  from  the  experimental  data,  is  givon  in  the  Appendix. 

la  Heal  Component  aa  a  Function  of  Cati.odo  Coating  Thicknesa 

Fig.  Mill-10800  shows  an  experimentally  determined  curvo  of  the  real 
component  of  impodance  of  tho  cut-off  diodo,  at  200  mc/sec.,  as  a  function 
of  oathodo  coating  thickness.  Each  point  represents  an  average  of  3  or  more 
tubes  having  catnodes  sprayed  to  the  specified  nominal  coating  thickness  and 
density.  Since  the  curve  shows  an  approximate  straight  line  relationship, 
the  broad  aspects  of  tho  assumptions  regarding  tho  negligible  influonco  of 
the  electrons  in  the  virtual  cathode  and  impodancos  of  blocking  layers  in 
the  oxide  cathode  are  justified  at  200  mc/soco 


2.  Real  Component  as  a  Function  of  Heater  Voltage 


Fig.  I.flI-10801  shows  an  experimental] y  determined  curve  of  the 
real  component  of  200  nc/sec.  impedance  of  the  cut-off  diode  as  a  function 
of  heater  voltage 0  Those  results  show  that  at  low  heater  voltages  the  real 
component  is  very  small  but  increases  to  a  maximum  as  the  heater  voltage  is 
increased  and  then  decreases  again  to  a  low  value  upon  further  increase  of 
the  heater  voltage.  This  is  to  be  expected,  since  for  semiconductors,  the 
following  equation  applies  approximately! 


(11) 


where  T  is  the  absolute  temperature  of  the  cathode  coating  and  A  and  B  are 
constants,  or  slightly  temperature  dependent  constants.  It  is  evident  that 
at  the  low  heater  voltages  ^  is  very  small  so  that  <?e/  is  larrre. 

Thus  Eq.  (10)  is  valid  and  the  real  component  increases  with  increasing 
cathode  coating  conductivity  (heater  voltage).  At  the  higher  heater  voltages 
(f  0  becomes  large  and  <^8/  small.  Eq.  (8)  then  applies  and,  for  this 


real  component  decreases  with  increasing  conductivity  (heater 

voltage  the  relaxation  time  is 
of  the  test  frequency  and  tho 
used.  An  inspection  of  this 
maximum  value  should  occur, 
results  are  broadly  confirmed  by  the  experimental  results 


case,  tho 

voltage) o  For  intermediate  values  of  heater 
of  the  sane  order  of  magnitude  as  tne  period 
complete  9xprossion  riven  by  Eq .  (6)  mu3t  be 
equation  shows 
These  exoected 


tna  t,  a  a  u  function  of  S”6 


e» 


shown  in  Fig.  Mill-10801. 
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D.  Notes  Regarding  Further  Experimentation 

The  experiments  run  have  been  exploratory  in  nature,  bavin;;  served 
the  purpose  of  verifying  the  coat.ng  impedance  equation  in  its  broad  sense. 
Improvements  in  the  experimentation  have  suggested  thor:. solves  and  are  discussed 
brio  fly  below. 

It  Is  evident  that  lor  accurate  dot.  o  mi  nut ionn  of  (f  ,  it-0  and  Tr 
it  is  essential  to  use  a  diodo  having  no  lead  inductances , known  anode  to 
cathode  sparing  so  that  C,  in  F.q.  (f>),  can  be  calculated.  It  would  then  be 
possible  to  obtain  the  coating  impedance  by  subtracting  (l/jouc)  from  the 
experimentally  determined  cut-off  diodo  impedance.  Since  the  ratio  cf  the 
imaginary  to  real  component  of  tnis  impedance  is  given  by 

Tan  0  »  — — —  (id) 

lO  <T 

0 

where  0  is  the  impedance  angle,  the  values  of  6*a  and  k  are  readily 
determined  from  Rq.  (b).  The  rosults,  of  courso,  are  subject  to  the 
assumptions  made  in  deriving  Eqs.  (5)  and  (6)., 

A.  second  method  which  could  be  developed  would  be  an  elaboration  of 
the  adjustable  anode-oathode  spacing  diode  used  in  studies  of  the  cathode 
coating  interface  characteristics  >^*  In  this  case  the  anode  could  be  adjusted 
to  contact  the  surface  of  the  cathode  coating,  after  the  normal  activation 
procedures  are  complete  and  Eq.  (5)  could  then  be  applied  directly,.  In  order 
to  eliminate  thermal  gradients  in  the  coating  which  might  cause  errors  in  the 
experimental  results  it  would  be  desirable  to  heat  the  anode  by  neans  of  an 
auxiliary  heater,  until  the  temperature  of  the  anode  oqualed,  or  differed  from 
by  a  specified  amount,  the  temperature  of  the  cathode  base  metal* 

In  either  method,  if  lead  inductances  are  present,  their  influences 
are  readily  corrected  for. 


E.  Conclusions 


From  considerations  of  the  field  equation  for  plane  wnvos  harmonic 
in  time  an  approximate  expression  for  the  high  frequency  impedance  of  tno  oxide 
coating  is  derived  hero  and  experiments  have  been  performed  which,  at  least 
in  an  approximate  manner,  verify  the  validity  of  the  assumptions  made*  Since, 
in  tubes  having  oxide  cathodes,  both  displacement  and  conduction  curronta  must 
flow  through  the  coating  in  order  to  reach  the  cathode  base  metal,  this  coating 
impedance  must  be  accounted  for  in  calculations  of  total  tube  irapodance*  As  a 
particular  example,  the  influence  of  the  coating  impedance  on  the  impedance  of 
a  cut-off  ideal  parallel  plane  diode  has  been  studied.  Extensions  to  other 
modes  of  operation  and  tube  types  are  obviously  possible. 
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Although  the  experimental  results  wore  of  a  pr«l imi.nary  ii'i’-uro,  the 
following  ost  mutes  of  the  o r  1" r  of  magnitude  of  too  effective  uonduo  vivity, 
dielectric  constant,  and  "time  of  relaxation"  are  of  interest! 


-3  —4  * 

«  10  to  10  raho/cm# 

^  20  x  10"14  farwd/oiu® 

»  Tr  ■  10""^  -  10-9  30co 


These  apply  for  tne  icllowing  conditions t 

Cathode  coating!  triple  carbonates. 

Cathode  base  natal s  Grade  A  nlckol. 

Cathode  coatinr  density;  0,8  -  108  grnw /cubic  cm<>  (nominal) 

Cathode  temperature ;  io2b°K 
Tost  frequency:  200  nc/seco 

Refinements  of  tuc  techniques  used  promise  to  be  useful  in  making  accurate 
determinations  of  ,  £0,  and  Tr  as  a  function  of  catnode  material,  cathode 
temperature,  and  frequency  of  operation.  The  preliminary  results  already 
obtained  have  indicated  that  oathodo  soray  density  markedly  affects  the  value 
of  Tr„ 


A  significant  conclusion  to  be  derived  from  the  experimentation 
is  that  the  high  resistance  known  to  exist  at  the  interface  region^  of 
the  Grude  A  nickel  cathoiie  does  not  appear  to  be  present  in  the  experimentally 
detomined  coating  resistance.  This  is  undoubtedly  due  to  the  relatively 
large  cupacitance  which  shunts  the  blocking  layer  resistance  (i.o0  an  effective 
large  "time  of  relaxation")  causing  the  blocking  layer  to  have  a  very  low 
capacitive  roactnr.ee  at  200  mc/eec. 

It  is  also  interesting  to  note  the  important  role  played  by  the 
dielectric  constant  and  the  "time  of  relaxation".  While  many  references  on 
the  conductivity  characteristics  of  the  oxide  cathode  have  appeared  in  the 
literature,  no  references,  in  the  knowledge  of  tne  writers,  have  been  made 
to  these  two  important  properties. 

Further  analysis  and  experimentation  on  the  behavior  of  tubes  having 
oxide  cathodeB  at  high^frequencie3  aro  under  way  as  part  of  a  thesis  program 
of  one  of  the  authors,  for  tne  degree  of  doctor  of  electrical  engineering , 


* 


G .  C*  Dal  man 
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Appendix 

Since  the  general  methods  of  near u ring  impedances  using  u  Q  meter 
are  well  known,  the  following  caloulationfl  are  presented  in  a  condensed  form., 

4 

To  dote  mine  the  reel  component,  for  Q*s  greater  than  10,  wo  have: 

C  +■  G,  1  Q,  -  On 

r  .  ——A  _  -A— 2  (13) 

0  ^  Q1  Qg 

whore  r  is  the  real  component  of  Eq°  (6). 

o  is  tne  capacitive  component  of  Eq.  (6),  farads . 

CO  is  2 n  x  test  frequency,  (cps). 

Q1  is  the  Q  of  the  Q  meter  with  the  unknown  impedance  (cathode  not  heated) 

Q2  is  tho  Q  of  the  Q  motor  with  the  unknown  impedance  (cathode  heated). 


Typical  calculation: 

Filament  voltage  ■  6.3  volts, 

f  *  200  rac/nsc. 

Q  •>  245. 

QT  -  85 . 

+  C„  -  17.5  uuf. 

Total  anodo-oathodo  capacitance  •  2,7  uuf. 

Stray  capacitance  Q  lo0  uuf. 

C  -  2.7  -  1.0  *  1*7  uuf. 

Cathode  area  -  0.33  cm.1* 

Cathodo  thickness  3  x  10”  inches 0 
Cathode  coating  density  ~P  0.8  gras. /cm. 
Cnlcvilated  value  of  r,  applying  Eq.  (19)5 

17.5  10°  245  -  85  1 

r  -  - -  •  -  • - 

(1.7)*  2 tt  •  200  245  ♦  85  0o33 


31.5  ohm8/cm. 
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